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The effect of human cytomegalovirus (HCMV) infection on the frequency of mutations at the hypoxanthine-guanine
phosphoribosyl transferase (hprt) locus was studied in Chinese hamster lung V79 cells. When V79 cells were infected with
HCMV (strain AD169) at multiplicities of 0.1 to 50 plaque forming units (PFU) per cell the presumptive mutation frequency,
as determined by the number of 6-thioguanine-resistant (TGr) colonies, was increased up to 16.8-fold (P  0.005), depending
on the multiplicity of infection. Increases in the mutation frequency at the hprt locus were also observed for other laboratory-
adapted HCMV strains (C-87, Davis) and for low passage clinical isolates (82-1, 84-2). The expression time required for the
maximum increase in TGr colonies was 3 days and was consistent among the HCMV strains evaluated in this study. UV-
irradiation of HCMV stock up to a dose of 9.6 1 104 ergs/mm2 increased the mutation frequency, but further exposure to
UV light or to heat (567 for 30 min) significantly decreased the frequency of TGr-resistant colonies, suggesting that expression
of HCMV genes was involved in the mutation process. HCMV-induced TGr cells demonstrated substantially reduced (96%)
incorporation of [3H]hypoxanthine. PCR analysis of the hprt locus demonstrated deletions in 9 of 19 HCMV-induced TGr
colonies randomly selected for further study, while 2 of 17 spontaneously developed TGr colonies demonstrated deletions.
Although insertions were not detected in spontaneously developed clones, 3 of 19 HCMV-induced TGr clones had insertions
in the hprt gene. Neither HCMV-specific DNA sequences nor HCMV-specific proteins were detected in the TGr clones
obtained after HCMV infection. Infection of V79 cells with HCMV also increased their sensitivity to mutation with N-methyl-
N*-nitro-N-nitrosoguanidine, giving a synergistic enhancement of the mutation frequency. These results indicate that HCMV
infection has the capacity to induce mutations in the cellular genome and increase the sensitivity of infected cells to mutation
by genotoxic chemicals. Although inactivated HCMV particles are responsible for a modest increase in the mutation
frequency, expression of HCMV genes is associated with a substantial enhancement of the mutation frequency. q 1997
Academic Press
INTRODUCTION Although these findings suggested an association be-
tween HCMV and neoplastic disease, they were not par-The involvement of human cytomegalovirus (HCMV) in
ticularly convincing regarding an etiologic role for HCMVthe development and progression of human malignan-
in the development and progression of cancer based oncies is controversial. In several early studies, HCMV was
mechanistic studies with small DNA tumor viruses (e.g.,isolated from patients with malignancies and from cul-
papovaviruses, adenoviruses). It has been well estab-tures of malignant tissues (Rapp et al., 1975; Melnick
lished that these latter viruses require the expression ofet al., 1978; Giraldo et al., 1978). In vitro assays of the
one or more viral gene(s) for the initiation and mainte-oncogenic potential of HCMV demonstrated that HCMV
nance of a transformed phenotype. Yet, retention ofmalignantly transformed hamster and human cells (Ab-
HCMV-specific sequences did not appear to be neces-recht and Rapp, 1973; Geder et al., 1976; Boldogh et al.,
sary to maintain a transformed phenotype, either for in1978b; Smiley et al., 1988). Defined regions of the HCMV
vitro-transformed cells (Boldogh et al., 1985a) or for sub-genome that could transform mouse 3T3 cells in vitro
cultured malignant tissue (Boldogh et al., 1981). Further-(minimum transforming regions; mtrI, mtrII, mtrIII) were
more, characterization of the nucleotide sequence of theidentified and characterized (reviewed in Rosenthal and
entire HCMV genome did not reveal a recognized onco-Choudhury, 1993), and found also in human tumors (Ja-
gene (reviewed in Rosenthal and Choudhury, 1993). Ac-han et al., 1989). Further, sero- and/or molecular-epidemi-
cordingly, if HCMV is, indeed, involved in oncogenic pro-ological studies suggested that HCMV might be associ-
cesses, it apparently must do so through a mechanismated with a number of cancers, including, for example,
that is distinct from those based on the continuous ex-adenocarcinoma of the prostate, cervical cancer, and
pression of a viral oncogene, such as that encoding theKaposi’s sarcoma (reviewed in Huang et al., 1983).
SV40 T-antigen. Alternatively, it is possible that the onco-
genic potential of HCMV may be related to the induction1 To whom correspondence and reprint requests should be ad-
of cellular genetic alterations. Indeed, this possibility isdressed. Fax: (409) 772-5065. E-mail: thomas.albrecht@utmb.edu.
consistent with observations directly implicating muta-2 Current address: GeneMedicine, Inc., 8301 New Trails Dr., The
Woodlands, TX 77381. tions in the development and maintenance of a malignant
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phenotype in human cancers (Barrett and Anderson, Infection of cells and selection of mutants
1993; Renan, 1993; Greenblatt et al., 1994) and with sev-
V79 cells were recovered from liquid nitrogen, culturederal studies, indicating that HCMV infection causes chro-
in growth medium until 90% confluence was attained,mosome aberrations and induces genomic instability
treated with HAT medium for 48 hr, reseeded into fresh(AbuBakar et al., 1988; Albrecht et al., 1989). In light of
75-cm2 flasks at a density of 5 1 105 cells/flask in growththese findings, we investigated the effect of HCMV infec-
medium, and allowed to proliferate overnight to abouttion on specific-locus mutation using the hypoxanthine-
twice the predissociation cell density. The cells wereguanine phosphoribosyl transferase (hprt) gene in Chi-
mock- or HCMV-infected (2 hr adsorption, 377), washednese hamster V79 lung cells as a target. The data from
three times with PBS, and incubated in fresh growth me-these studies indicate that HCMV infection is associated
dium or processed to evaluate the effect of the treatmentwith a significant increase in mutation at this site and
that this genetic damage is related to the presence of protocols on initial cell survival. As a control to monitor
the virus particle and limited expression of HCMV genes. the susceptibility of the cells to mutation, V79 cells were
Furthermore, exposure of HCMV-infected V79 cells to N- treated with MNNG in the same manner as virus or mock
methyl-N*-nitro-N-nitrosoguanidine (MNNG) resulted in a infection. Initial cell survival was determined for each
synergistic enhancement of the frequency of hprt muta- of the experimental treatment conditions by dissociating
tion over that observed for mock-infected cells treated washed cells with trypsin and plating 200 to 10,000 cells
with MNNG. into each of three or more 60-mm tissue culture dishes.
Six days later, the surviving colonies of cells were fixed
with 10% formalin, stained with 0.1% methylene blue, andMATERIALS AND METHODS
counted. To determine the effect of virus and/or chemical
on the mutation frequency, 72 hr after treatment (or atCell culture
other times as indicated in Results) the cells were disso-
V79 cells (Bradley et al., 1981), kindly provided by Dr. ciated and subcultured into 100-mm dishes (105 cells/
Marguerite Sognier (Department of Radiation Safety, the dish) in selection medium [growth medium containing 6-
University of Texas Medical Branch, Galveston, TX), were thioguanine (TG; 6 mg/ml)] to identify presumptive mu-
maintained in Eagle’s minimum essential medium tants or in nonselective medium to measure the plating
(EMEM) (Sigma) containing 10% fetal bovine serum efficiency. Colonies of TG-resistant (TGr) cells were al-
(FBS), supplemented with glutamine (292 mg/L), strepto- lowed to develop for 1 week and, then, were either picked
mycin (100 mg/ml), and penicillin (100 U/ml) (growth me- and subcultured or fixed in 10% formalin and stained with
dium). Prior to the initiation of the mutation studies, the 0.1% methylene blue.
cells were cultured in HAT medium [51 1005 M hypoxan- The mutation frequency was calculated by determining
thine (Hyp), 4 1 1007 M aminopterin, 5 1 1006 M thymi- the number of TGr colonies relative to the number of cells
dine) for 2 days, dissociated from the culture flasks, and seeded in the selective medium and correcting for the
stored in numerous replicate vials at 01707. Samples of plating efficiency in the absence of the selective agent
this pool of cells were recovered and evaluated for the (Bradley et al., 1981).
frequency of spontaneous and virus- or chemical-in-
duced mutations at the hprt locus, as described below.
Determination of HPRT activityThe cell cultures were routinely examined for myco-
plasma contamination using Hoechst 33258.
Incorporation of [3H]hypoxanthine ([3H]Hyp) into mu-
tant and wild-type cells was evaluated using a slightVirus propagation
modification of the method of Theile and Strauss (1977).
Wild-type and presumptive mutant TGr cell cultures,HCMV strains [AD-169, C-87, Davis and low passage
grown to 75% confluence in 35-mm tissue culture dishes,clinical isolates 82-1, 84-2 (Fons et al., 1986)] were propa-
were incubated for 4 hr in growth medium, containinggated in MRC-5 cells and the infectivity was determined
5 1 1006 M [3H]Hyp (sp act 750 mCi/mmol; Americanby plaque assay as described previously (Albrecht and
Radiolabeled Chemicals, Inc., St. Louis, MO), 1 1 1006Weller, 1980). For selected experiments, the culture fluids
M aminopterin, and 1.6 1 1005 M thymidine. Followingfrom infected cells were cleared of debris and the virus
lysis of the cells with 1 ml of lysis solution (1% SDS, 2%particles were concentrated by sedimentation at 27,000
Na2CO3 , 0.1 N NaOH), the lysate was combined with anrpm for 90 min. The pelleted virus particles were resus-
equal volume of ice-cold 20% trichloroacetic acid. Thepended in a small volume of the supernantant fluids (Bol-
resulting precipitate was collected by filtration ontodogh et al., 1990). This procedure routinely yielded about
Whatman grade 3 filter disks (Whatman Int., Maidstone,a 100-fold increase in infectivity as determined by plaque
England), and the radioactivity was determined by liquidassay. Virus-free supernatant fluids were reserved for
mock infection. scintillation spectrophotometry.
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TABLE 1Virus inactivation
Oligonucleotides Used for CharacterizationVirus was inactivated by exposure to ultraviolet (UV)
of HCMV Replication in V79 Cells
light. A Thomas Scientific UV lamp with a GE-G8T5 bulb
was used to inactivate 1.5-ml aliquots of virus at 8,000 Size
Gene encoding Sequence (bp)ergs/sec/mm2 (Albrecht et al., 1974). Heat inactivation
of virus suspension was accomplished by heating virus
G3PDH:stocks in a water bath at 567 for 30 min or in boiling
S: 5*-GTG AAC GGA TTT CCG CGT ATT G-3*
water for 3 min. AS: 5*-GGA TGC AGG GAT GAT GTT CTG-3* 608
PR: 5*-TGG TTC ACA CCC ATC ACA AAC ATG-3*
HCMV IE1:Immunofluorescence (IF) detection of HCMV proteins
S: 5*-CAT GGT GCG GCA TAG AAT CAA-3*
AS: 5*-GTC ACT AGT GAC CTT GTA CTC-3* 594
IF detection of HCMV antigens was accomplished by PR: 5*-GCC CTT GCT CAC ATC ATG CAG CTC-3*
an indirect IF assay as described previously (Boldogh et HCMV IE2
S: 5*-CCC TCA TCA AAC AGG AAG ACA-3*al., 1992). HCMV immediate early (IE) antigen(s) were
AS: 5*-CAT GAT ATT GCG CAC CTT CTC-3* 508detected using monoclonal antibodies MAB810 (Chemi-
PR: 5*-ATG GTG GCT CGA GGT CAC GGA TG-3*con) or NEA-9221 (DuPont NEN Research Products),
HCMV Early 2.2 kb
while the presence of the virion protein pp65 was evalu- S: 5*-ACC GTC GTG CGA AAA TAC TGG A-3*
ated with monoclonal antibody NEA-9220 (DuPont NEN AS: 5*-ACT TTT TGC GCC GTT CTT CGT G-3* 571
PR: 5*-GTA ATG CCG CAC GTA AGT CAC TTG-3*Research Products). The properties of these antibody
HCMV Early 2.7 kbpreparations have been described in detail previously
S: 5*-TGC ACG CGT GTA TGT ATG CAT C-3*(MAB810, Mazeron et al., 1992; NEA-9220, NEA9221,
AS: 5*-CGG ATT GAC ATT CTT GGT GGT G-3* 428
Grefte et al., 1991). A HCMV late antigen was detected PR: 5*-TCT TCG AGT TAT CGG AAA GCT GAG-3*
using monoclonal antibody NEA-9220. Also a serum pool HCMV pp65
S: 5*-ATG GAG TCG CGC GGT CGC CGT TGT-3*(SP1) from healthy subjects was used to detect IE, early,
AS: 5*-ACC TAT CAC CTG CAT CTT GGT TGC-3* 660and late HCMV proteins (Millinoff, 1992). HCMV DNA
PR: 5*-ACC TCG CTG CCC GTA AAG TAC GTG TGC-3*polymerase was detected with a monoclonal antibody
HCMV mtr
preparation that reacts with DNA polymerases specified S: 5*-TGC TGT CGG TGA TGG TCT CTT-3*
by Epstein–Barr virus, HCMV, human herpesvirus 6, and AS: 5*-CAA CCA GTC CAT GAC GCT GCA-3* 339
PR: 5*-CGG AGA TCT TGC AAT CTG GTC GCG-3*bacteriophage T4 (Tsai et al., 1990), kindly provided by
Dr. R. Glaser of the Ohio State University.
Note. G3PDH, glyceraldehyde-3-phosphate dehydrogenase; S,
sense; AS, antisense; PR, probe.
Isolation of nucleic acids
Polymerase chain reaction (PCR)DNA and total RNA from wild-type and mutant cells
were isolated as described previously (Maniatis et al., PCR amplification was undertaken using a slight modi-
1982; Chomzinsky and Sacci, 1987). The nucleic acid fication of the procedure described previously (Boldogh
concentrations were determined by spectrophotometry. et al., 1994). Each PCR solution contained the following
RNA was stored in the presence of a ribonuclease inhibi- reagents from Perkin–Elmer–Cetus (Norwalk, CT) in a
tor (RNasin, Promega Inc.) at 0807 until used. total volume of 50 ml: 11 reaction buffer, 200 mM each
of the dNTPs, primers 1 and 2 (0.5 mM each), 30 mM
Mg2Cl, 2.5 U AmpliTaq DNA polymerase, and cDNA tem-First-Strand cDNA synthesis
plate. Previously published HCMV DNA sequences were
used to design primers and probes (Table 1) to investi-cDNA was synthesized from RNA by reverse-transcrip-
tion (RT) using the SuperScript preamplification system gate the expression of RNAs for ie gene products [IE1
(Akigg et al., 1985), IE2 (Stenberg et al., 1985)], early genefrom GIBCO/BRL, Inc. Briefly, total RNA (3 mg per reac-
tion) was mixed with oligo(dT)12-18 , heated to 707 for 10 products [2.2 kb (Staprans and Spector, 1986), 2.7 kb
(Greenaway and Wilkinson, 1987), HCMV DNA polymer-min, and quick-chilled on ice. The mixture was supple-
mented with 51 ‘‘synthesis buffer’’ (250 mM Tris–HCL, ase (Kouzarides et al., 1987)], and for a late tegument
protein, pp65 (Lafauci et al., 1994). The oligonucleotidespH 7.5; 375 mM KCl; 15 mM MgCl2 ; 10 mM spermidine),
500 mM dNTPs, 10 mM DTT, and 20 U SuperScript re- were synthesized and purified by Bio-Synthesis, Inc.
(Houston, TX). Denaturation (957, 1 min), primer annealingverse-transcriptase. RT was accomplished at 427 for 50
min and the reaction was terminated by heating to 907 (1.5 min), and extension (727 for 1.5 min) were achieved
with a PTC-100 programmable thermal controller (MJ Re-for 5 min. RT was followed by RNase H (GIBCO/BRL)
treatment at 377 for 20 min. The cDNA was stored at search, Inc.). Deletion/insertion analysis of the hprt locus
was undertaken by multiplex PCR as previously de-0807 until used.
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TABLE 2scribed (Yu et al., 1992; Xu et al., 1993; Hsie et al., 1993)
using primer concentrations as suggested by Xu et al. Oligonucleotide Primers Used to Amplify hprt Exons
(1993). The primers for amplification of hprt exons and and the cDNA Derived from the hprt Transcripts
mRNA (Table 2) were adapted from Yu et al. (1992) and
SizeXu et al. (1993) or slightly modified based on sequences
Exon Sequence order (bp)documented in PC/gene (accession numbers: X17656,
and from X53073 to X53080). Identical conditions [amplifi- Exon 1
cation (727 for 1 min), denaturation (947, 1 min), annealing S: 5*-TCT GCG GGC TTC CTC CTC ACA CCG-3*
AS: 5*-ACA TGT CAA GGC AAC GCC ATT TCC A-3* 362(587, 1 min)] were used, when single or simultaneous
Exon 2exon amplification was performed.
S: 5*-AGC TTA TGC TCT GAT TTG AAA TCA GCT G-3*
AS: 5*-ATT AAG ATC TTA CTT ACC TGT CCA TAA TC-3* 166
Characterization of PCR products Exon 3
S: 5*-CCG TGA TTT TAT TTT TGT AGG ACT GAA AG-3*
The amplified products from PCR were separated by AS: 5*-AAT GAA TTA TAC TTA CAC AGT AGC TCT TC-3* 220
TBE (0.089 M Tris–borate, pH 8.0; 0.002 M EDTA)–aga- Exon 4
S: 5*-TCT TAC ATC TAA TAA TTT TTT GTG TGT ATT-3*rose (3% NuSieve GTG, 1% SeaPlaque, FMC, Inc.) gel
AS: 5*-AGC ACA GTT ACT AAT TGA TTC TTG GTA-3* 198electrophoresis using a sample buffer containing 0.25%
Exon 5[w/v] xylene cyanol and 0.25% [w/v] bromophenol blue.
S: 5*-AAC ATA TGG GTC AAA TAT TCT TTC TAA TAG-3*
As a size marker fX174/HaeIII DNA was used (GIBCO/ AS: 5*-GGC TTA CCT ATA GTA TAC ACT AAG CTG CTG-3* 247
BRL). The DNA bands were visualized under UV light Exon 6
S: 5*-TTA CCA CTT ACC ATT AAA TAC CTC TTT TC-3*after ethidium bromide staining and photographed.
AS: 5*-CTA CTT TAA AAT GGC ATA CAT ACC TTG C-3* 145PCR products were sized in agarose and in selected
Exon 7–8experiments, transferred to hybridization membrane (Hy-
S: 5*-GTA ATA TTT TGT AAT TAA CAG CTT GCT GG-3*
bond-N/, Amersham) by alkali (freshly made 0.4% AS: 5*-TCA GTC TGG TCA AAT GAC GAG GTG C-3* 423
NaOH) blotting as described by Li et al. (1987), and hy- Exon 9
S: 5*-CAA TTC TCT AAT GTT GCT CTT ACC TCT C-3*bridized to 32P-labeled oligonucleotide probes (Table 2).
AS: 5*-CAT GCA GAG TTC TAT AAG AGA CAG TCC-3* 734The levels of hybridization were visualized by autoradiog-
cDNAraphy.
S: 5*-GCT TCC TCC TCA CAC CGC TCT T-3* 759
S1: 5*-TGA TGA TGA ACC AGG CTA TGA CCT-3* 671
Slot-blot hybridization AS: 5*-CAT GAA TGG GAC TCC TCG TGT TTG-3*
Samples containing 3 mg of DNA extracted from Note. S, sense; AS, antisense.
HCMV- or mock-infected cells were denatured and blot-
ted to a hybridization membrane (Hybond-N/, Amer-
Chemicalssham) in a Minifold II slot-blotter according to the proce-
dure of Kafados et al. (1979). The membranes were pre- MNNG, Hyp, aminopterin, thymidine, and TG were sup-
hybridized and hybridized at 657, followed by stringent plied by Sigma Chemical Co. (St. Louis, MO).
washing as described in a Schleicher & Schuell protocol.
The level of hybridization for 32P-labeled oligonucleotide Statistical analysis
probes was visualized by autoradiography and evaluated
Statistically significant differences between groups ofby densitometry.
data were determined using the Student’s t test or Fish-
er’s Exact test. Synergism was evaluated by the methodWestern blot detection of HCMV gene expression
of Spector. The criteria for significance were set at P 
0.05. Graphic analysis of data was accomplished usingHCMV- or mock-infected V79 cell extracts were elec-
trophoresed on 10% SDS/polyacrylamide gels and trans- Microcal Origin.
ferred to nitrocellulose membrane (Hybond-ECL) in a Bio-
Rad liquid TransBlot cell containing transfer buffer [15.6 RESULTS
mM Tris–HCl, pH 8.3; 120 mM glycine]. Membranes were
The quantitative effect of HCMV infection on hprt
blocked with 5% dry milk in TBST [10 mM Tris–HCl, pH
mutation
8.0; 150 mM NaCl; 0.05% Tween 20] overnight and then
incubated for 3 hr with a 1:100 dilution of monoclonal To determine the effect of HCMV infection on mutation
frequency at the hprt locus, V79 cells were infected withantibody to immediate early antigens [MAB810 (Chemi-
con)] or to pp65 [NEA-9220 (DuPont)]. After washing in HCMV, strain AD169, at selected multiplicities of infec-
tion (0.1, 1, 5, 10, 30, and 50 PFU/cell) and reseeded inTBST, the HCMV-specific proteins were visualized by
peroxidase-conjugated secondary antibodies and en- selection medium containing 6-TG 3 days after infection
(the expression time associated with the maximum in-hanced chemiluminescence detection (Amersham).
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crease in mutation frequency, data not shown). The
means for the quantitative findings from three indepen-
dent experiments are summarized in Table 3 and the
relationship between the intensity of infection and the
observed mutation frequency is plotted in Fig. 1. A multi-
plicity-dependent increase in the hprt mutation frequency
was observed through a multiplicity of 10 PFU/cell, with
little, if any, further increase in the mutation frequency at
multiplicities of about 30 or 50 PFU/cell. The increases
in mutation frequency obtained at multiplicities of 0.1 and
1.0 PFU/cell were not significant, while the increases
at all higher multiplicities (5 PFU/cell and greater) were
significant. At a multiplicity of 5 PFU/cell the mutation
frequency was 8.74 { 1.97 1 1006 with an insignificant
FIG. 1. The relationship between the multiplicity of HCMV infectionchange in initial cellular lethality from that observed for
and mutation frequency. The data from Table 3 were plotted using themock-infected cells (Table 3). The mutation frequency
Microcal program Origin. The error bars are the standard error of theafter HCMV infection at this multiplicity was about 6.3
mean for the data from three independent experiments.
times that observed for mock-infected cells (1.38 { 0.46
1 1006) or for nontreated cells (data not shown). At a
mutation by a well-characterized genotoxic chemical wasmultiplicity of about 10 PFU/cell the apparent mutation
tested by exposing the cells to 1.0 mM MNNG for 2 hrfrequency was 22.95 { 3.61 1 1006, while higher multi-
and subculturing in selective medium 6 days later [theplicities provided little, if any, additional increase in the
expression time associated with the maximum increasemutation frequency.
in mutation frequency for MNNG in this study and thoseIn parallel cultures, the sensitivity of the V79 cells to
of others (reviewed in Bradley et al., 1981)]. A mutation
frequency of 76.8 { 8.8 1 1006 and an initial cell survival
TABLE 3 of 76.8% were observed. These findings are quantitatively
similar to those of other investigators (reviewed in Brad-The Quantitative Effect of HCMV Infection
on the hprt Mutation Frequency ley et al., 1981) and indicate that the V79 cells used in
this study have about the same sensitivity to mutation
Multiplicity Initial cell Plating as those used in earlier studies.of infection Mutation frequency survival (%) efficiency
(PFU/cell)a (11006) { SEMb { SEMc (%) { SEMb
Evaluation of the mutagenic effect of cell culture-
adapted and low-passage HCMV strains— 1.4 { 0.46 100 89 { 3.7
0.1 1.6 { 0.31 101 { 1.7 95 { 1.1
Differences in the genetic and biological capacities of1 2.2 { 0.40 103 { 1.3 91 { 1.9
laboratory-adapted and nonadapted (low-passage)5 8.7 { 0.97d 85 { 2.3 88 { 2.1
HCMV strains have been reported (e.g., Cha et al., 1996).10 23 { 3.6d 61 { 3.4 67 { 6.6
30 23 { 1.4d 48 { 3.2 58 { 7.9 Accordingly, cell culture-adapted (AD169, Davis, C-87)
50 21 { 2.9d 37 { 3.7 39 { 4.7 and low passage (82-1, 84-2; Fons et al., 1986) HCMV
strains were evaluated for their effect on the mutationa Strain AD169. For multiplicities of 10 PFU/cell or greater HCMV
frequency to determine if the findings for HCMV strainwas concentrated by centrifugal sedimentation. At a multiplicity of 5
AD169 were uniquely associated with that strain ofPFU/cell, greater than 99% of the cells contained pp65 antigen within
1 hr after infection. At this multiplicity approximately 81% of the cells HCMV. The V79 cells were infected at multiplicities of 3
expressed IE1 antigens by 24 hr after infection. About half (39.2% of to 5 PFU/cell, as summarized in Table 4, and subcultured
all cells) of these IE-expressing cells demonstrated bright nuclear fluo-
in 6-TG-containing medium 3 days after infection. Signifi-rescence, while the other IE-expressing cells demonstrated a lower
cant increases (8- to 21-fold) in the number of TGr colo-intensity of nuclear fluorescence. At a multiplicity of 10 PFU/cell 84.9%
nies were scored for the five virus strains examined inof the V79 cells demonstrated bright nuclear fluorescence by 24 hr
after infection. this study (Table 4). Although higher mutation frequen-
b Data are the means of three independent experiments in which the cies were generally obtained for the adapted strains, the
cells were platted in selective medium (6-TG) 3 days after infection. The
differences were not great and may be related to themutation frequency obtained for MNNG (1 mM) was 76.8 { 8.8 1 1006
differences in multiplicities used for infection withwith an expression time of 6 days and an initial cell survival of 76.8%.
adapted strains and low-passage isolates.c Data are the means of three independent experiments in which
cellular lethality was determined immediately after HCMV or mock
infection. Initial cell survival for mock-infected cells was 102.5% relative Characterization of phenotypic variant TGr cells
to nontreated cells. Initial cell survival for virus-infected cells is calcu-
Clones of TGr cells were picked from HCMV- or mock-lated relative to the cell survival for the mock-infected cells.
d Significant change (P  0.05) relative to mock-infected cells. infected V79 cells and evaluated for (i) hypoxanthine-
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TABLE 4
The Effect of Cell Culture-Adapted and Low-Passage HCMV Strains on the hprt Mutation Frequency
Number of Multiplicity Mutation Plating
HCMV subcultures of infection frequency efficiency
strain in vitro (PFU/cell) (11006) { SEMa (%) { SEMa
— — — 0.25 { 0.25b 92 { 1.15
AD169 85–86 5 5.3 { 0.74c 89 { 0.74
Davis 54 3 3.8 { 0.45c 84 { 4.1
C-87 23 4 2.5 { 0.26c 90 { 2.2
83-1 3 3d 2.4 { 0.83c 88 { 1.0
84-2 3 3d 2.0 { 0.68c 92 { 1.0
a The data are the means of four independent experiments.
b No TGr clones were observed.
c Significant change (P  0.05) relative to mock-infected cells.
d HCMV was concentrated by centrifugal sedimentation.
guanine phosphoribosyl transferase (HPRT) activity, (ii) PCR analysis (Fig. 2) was undertaken to investigate
the hprt locus for inserted or deleted nucleotide se-deletions and/or insertions into exons of hprt, and (iii)
the presence of HCMV DNA sequences. HPRT activity quences as a means of examining some of the spectrum
of genetic changes in cells with reduced HPRT activity.was estimated by measuring incorporation of [3H]Hyp in
the presence of aminopterin and thymidine (Theile and The findings from these analyses are summarized in Ta-
ble 5. Using the experimental conditions described underStrauss, 1977). TGr cells recovered after HCMV infection
or that developed spontaneously after mock infection Materials and Methods, we had some difficulty in ampli-
fying exon 1 in the multiplex PCR procedure. As a result,demonstrated a substantial reduction (96–99%) in incor-
poration of [3H]Hyp (Table 5), suggesting a significantly exon 1 was amplified in separate PCR reactions, similar
to the procedures of other investigators (Rossiter et al.,reduced level of HPRT activity. These findings suggest
that the cells isolated with a TGr phenotype are likely to 1991; Jostes et al., 1994). To confirm deletions observed
in multiplex PCR analyses, a single set of primers wasbe genetic variants (Bradley et al., 1981).
TABLE 5
Genetic Characterization of HCMV-Induced and Spontaneous TGr Clones of V79 Cells
Mock-infected HCMV-infected
[3H]Hyp incorporation Deletion Insertion Size of [3H]Hyp incorporation Deletion Insertion Size of
Clone (percent of wild type) (exon) (exon) mRNA Clone (percent of wild type) (exon) (exon) mRNA
S1 1.9 — — 759 V01 2.5 1 — 670
S2 1.8 1 — 670 V1 2.8 — — 759
S4 1.6 — — 759 V3 2.7 — — 759
S5 1.8 — — 759 V6 2.6 — 5(73bp) 830
S6 3.2 9 — NT V11 3.0 — — 759
S7 2.5 — — 759 V15 2.6 1, 4 — 605
S10 1.7 — — 759 V16 3.0 4, 5 — 675
S15 2.3 — — 759 V18 2.2 1, 5, 6, 9 — NT
S16 2.3 — — 759 V19 2.0 1, 3 4(20bp) 507
S17 2.0 — — 759 V20 2.2 — 3(60bp) 819
S19 2.2 — — 759 V21 2.4 1 — 670
S21 2.5 — — 759 V22 2.0 — — 759
S25 2.8 — — 759 V23 1.8 — — 759
S26 2.1 — — 759 V24 1.9 — — 759
S30 2.5 — — 759 V25 2.0 — — 759
S32 3.3 — — 759 V26 2.0 1, 3, 4 — 420
S33 3.5 — — 759 V29 1.3 4, 5, 6 — NT
V30 1.8 7–8, 9 — NT
V33 1.6 — — 759
Note. NT, not tested.
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1994; Furnari et al., 1993) and are associated with
changes in transcriptional regulation of cellular genes
(Wade et al., 1992; Jenkins et al., 1994), raising the possi-
bility of hprt downregulation in TGr cells. Neither HCMV
ie- nor mtr-related sequences were detectable by PCR
analysis (primers and probes are listed in Table 2) in the
DNA extracted from the 19 HCMV-induced mutant clones
(data not shown). Also, immunofluorescence assays in
which we used a highly reactive serum pool to HCMV
proteins (Millinoff, 1992) demonstrated no reactivity to
the TGr clones from HCMV-infected cultures (data notFIG. 2. PCR analysis of a wild-type hprt locus in DNA extracted from
shown). Thus, we were unable to detect evidence forV79 cells. Exons 2 to 9 (left lane) were amplified simultaneously using
eight primer pairs (Table 1) in a single PCR reaction (multiplex PCR). maintenance of HCMV sequences or expression of
The results of multiplex PCR analyses were confirmed by amplifications HCMV gene products in the HCMV-induced mutant
of individual exons (1 to 6, and 9) and exons 7–8, which were amplified clones.as one fragment.
Characterization of HCMV gene expression
also used in PCR reactions to demonstrate that the re- in V79 cells
sults (Table 5) were not due to technical artifacts. For
mock-infected cells with spontaneous mutations, 2 of 17 Although continuing expression of HCMV gene prod-
ucts was not detected in TGr phenotypic variants, it wasclones examined contained deletions located at exon 1
or 9 (Table 5); none of these clones appeared to contain of some interest to evaluate the relationship of HCMV
gene expression in acutely infected V79 cells to the in-inserted material detectable by PCR analysis. A signifi-
cantly (P  0.03) different pattern of genetic changes creased mutation frequency. This study was initiated by
evaluating the expression of selected HCMV genes atwas evident for the TGr clones derived from HCMV-in-
fected cells. Nine of the 19 clones evaluated contained the RNA and protein levels. RT-PCR analysis (primers
and probes are listed in Table 2) of RNA from HCMV-apparent deletions (Table 5). Six of the 9 clones had an
apparent deletion in exon 1, while 7 of the 9 had multiple infected V79 cells revealed the presence of immediate
early RNAs encoded by HCMV genes UL123 (HCMV ie1)apparent deletions that involved exons 3, 4, 5, 6, 7-8, and
9. Three clones contained insertions of about 20, 60, or and UL122 (ie2) (Figs. 3B and 3C), and early RNAs, such
as those of 2.2 (UL68) and 2.7 kb (UL36) (Figs. 3D and70 bp, one of which was present in a clone containing
two deletions. 3E). RNAs from UL83, which encodes the tegument pro-
tein pp65, however, were not detected (data not shown).To investigate if the apparent deletions might have
resulted from sequence differences at the primer sites, When a monoclonal antibody (MAB810) that recognizes
an epitope encoded by exon 2 of the major ie gene (Ma-the hprt mRNA was transcribed to cDNA and the size of
the hprt mRNA was estimated. In those cases where the zeron et al., 1992) was used in Western blot analysis, we
detected abundant proteins from 46 to 86 kDa (Fig. 4A).first exon was deleted, a primer (S1, Table 1) designed
for exon 2 was combined with an antisense primer for The number of proteins detected is a result of the sharing
of exon 2-encoded amino acid sequences by both IE-1hprt mRNA (cDNA) in the PCR reactions. For both HCMV-
induced and spontaneously developed TGr clones, the and IE-2 proteins (Mazeron et al., 1992) and indicates
that both classes of ie gene products are synthesized inlength of the cDNAs was appropriate based on the dele-
tions and/or insertions indicated by the PCR analysis the V79 cells. The percentage of V79 cells demonstrating
HCMV-specific proteins was determined by the indirect(Table 5). These findings indicate that the deletions are
real. Further, they indicate that the increase in TGr cells IF test using either monoclonal antibody to the IE pro-
teins (MAB810) or a human convalescent serum poolobserved after HCMV infection is associated with a dis-
tinct pattern of genetic changes relative to that observed with good reactivity to HCMV antigens (Millinoff, 1992).
The percentage of cells demonstrating fluorescencefor spontaneous mutations.
Since previous studies documented that HCMV DNA staining was proportional to the multiplicity used for in-
fection (data not shown). For example, fluorescence wassequences could be maintained in abortively infected or
transformed cells (Nelson et al., 1982; Boldogh et al., detected in about 95% of the V79 cells at a multiplicity
of 5 PFU/cell. Using the human convalescent serum pool1985a; Rosenthal and Choudhory, 1993), we examined
the possibility that TGr mutants might represent cells that we observed bright fluorescence localized to the cyto-
plasm of V79 cells, which may represent the presencecontained viral DNA sequences and/or expressed HCMV
proteins. HCMV ie and mtr sequences were targeted in of early viral protein(s). These observations are consis-
tent with the synthesis of the 2.2- and 2.7-kb RNAs de-this series of experiments. HCMV IE proteins have been
shown to interact with cellular proteins (Sommer et al., tected by RT-PCR (Figs. 3D and 3E). Fluorescence was
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HCMV, supporting the expression of ie and some early
HCMV genes at both the RNA and protein levels, but not
HCMV DNA replication or late protein synthesis.
The relationship of HCMV gene expression to the
increased mutation frequency
To investigate if there was a relationship between the
expression of IE and early HCMV proteins and increased
mutation at the hprt locus, HCMV stock was irradiated
with selected doses of UV light and the effects on the
mutation frequency and the extent of HCMV gene expres-
sion were monitored. A dose of 2.4 1 104 ergs/mm2 was
sufficient to reduce HCMV-induced cytopathologies to
below the level of detection, but IE and early (e.g., 2.2
and 2.7 kb) RNAs and proteins were detectable (Table
6). A dose of 4.8 1 104 ergs/mm2 was sufficient to almost
eliminate HCMV infectivity (Table 6) and to reduce early
transcripts to below the level of detection (Fig. 4D), but
IE antigens were present in up to 90% of the cells (Table
6 and Fig. 4C). This dose of UV-irradiation provided the
highest level of mutation, about 2.7-fold greater than that
observed for nonirradiated HCMV and about 17-fold
greater than that observed for mock-infection (Table 6).
FIG. 3. Expression of the HCMV genome in V79 cells. V79 cells were
As the UV dose was increased further to 9.6 1 104 andinfected at a m.o.i. of 5 PFU/cell and the nucleic acids were isolated
1.44 1 105 ergs/mm2, both the percentage of HCMV IEat 0, 3, 6, 12, 24, 48, and 72 hr pi. Total RNAs were subjected to cDNA
synthesis. The cDNAs were amplified (primers are listed in Table 2) antigen-positive cells and the mutation frequency fell (Ta-
and the products separated by agarose electrophoresis. The PCR prod- ble 6). At the highest UV dose tested (1.44 1 105 ergs/
ucts were transferred onto hybridization membranes and hybridized to mm2), HCMV IE antigens were not detected and the mu-33P-labeled oligonucleotide probes (Table 2) specific for HCMV IE1
tation frequency was reduced to 2.10 1 1006, or about(B), IE2 (C), or for the 2.2-kb (D) or 2.7-kb (E) early gene products. F
twice the frequency observed for mock-infected cells.demonstrates the slot blot hybridization of 33P-labeled HCMV probe to
DNA isolated from HCMV-infected V79 cells. The column under the The detection of HCMV antigens by the immunofluores-
solid arrowhead (A to E) shows the signal from the hybridization of the cence assay was examined further by Western blot anal-
appropriate probe to HCMV gene products extracted at 24 hr pi from ysis. Using this latter assay, doses of 9.6 1 104 or 1.44
permissive LU cells. The amplification of the cDNA for glyceraldehyde- 1 105 ergs/mm2 significantly reduced or eliminated, re-3-phosphate dehydrogenase (G3PDH; A) illustrates the efficiency of
spectively, the detection of HCMV IE proteins (data notcDNA synthesis.
shown). Yet, even the highest dose of UV irradiation eval-
uated did not affect the nuclear accumulation of the
HCMV tegument protein pp65 (Fig. 4B), indicating that thenot observed, however, when an antibody (55H3) specific
for the HCMV DNA polymerase (Tsai et al., 1990) was doses of UV-irradiation used in this series of experiments
were not sufficient to substantially reduce adsorption orused to evaluate the infected V79 cells at 72 hr pi (data
not shown). penetration of HCMV. Thus, there appears to be a close
correlation between the capacity of HCMV stock to syn-The failure to detect HCMV DNA polymerase and data
from earlier studies (Albrecht et al., 1976; Boldogh et al., thesize IE proteins and the increase in mutation fre-
quency.1978a) suggested that HCMV DNA synthesis was likely
to be inhibited in V79 cells. Slot-blot hybridization was Nevertheless, a small, but reproducible and signifi-
cant, increase in the mutation frequency was detectedused to investigate this possibility by measuring any
change in the quantity of viral DNA in these cells. The even in the absence of detectable viral gene expression
at a UV dose of 1.44 1 105 ergs/mm2. These findingsabsence of any increase in the hybridization signal be-
tween probe and blotted DNA (Fig. 3F) strongly sug- suggest the possibility that the HCMV particle itself may
have some mutagenic activity. To investigate this possi-gested that V79 cells fail to replicate HCMV DNA, as had
been observed previously for other hamster fibroblasts bility further, virus stock was heat inactivated at 567 for
30 min or 1007 for 3 min and tested for any residual(Albrecht et al., 1976; Boldogh et al., 1978a). These obser-
vations indicate that V79 cells, similar to other hamster mutagenic effect. Heat inactivation of HCMV at either
temperature reduced the mutation frequency from 6.50fibroblasts (Albrecht et al., 1976; Boldogh et al., 1978a;
Kamiya et al., 1986), undergo an abortive infection by 1 1006 to 2.19 or 1.85 1 1006, respectively, but did not
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TABLE 6
The Relationship of HCMV Gene Expression to Increased Mutation at the hprt Locus
Surviving HCMV antigen/RNA detection Mutation Plating
Treatment of infectivity frequency efficiency
HCMV HCMV stock PFU/mla IEb Earlyc CPEd (11006) { SEMa (%) { SEM
— — — — — — 1.07 { 0.07 87.5 { 2.72
UV-irradiatione
(ergs/mm2 1 104)
/f 0 2.0 1 107 4/ 1/ 4/ 6.50 { 2.48g 85.4 { 4.60
/ 0.48 7.5 1 105 4/ 1/ 3/ 7.05 { 3.06g 92.5 { 5.31
/ 2.40 3.5 1 101 4/ 1/ — 9.59 { 3.86g 84.7 { 3.54
/ 4.80 4.0 1 100 4/ — — 17.8 { 2.45g 90.8 { 3.63
/ 9.60 1.0 1 100 2/ — — 7.40 { 1.30g 96.0 { 2.12
/ 14.40 1.0 1 100 — — — 2.10 { 0.29g 91.8 { 4.21
Heat inactivation
/ 567C, 30 min 1.0 1 100 — — — 2.19 { 0.10g 92.1 { 4.12
/ 1007C, 3 min 1.0 1 100 — — — 1.85 { 0.11g 89.7 { 3.27
a Data are the means of four independent experiments.
b HCMV IE proteins were detected by indirect immunofluorescence using MAB810 antibody. The percent of cells demonstrating IF staining is
indicated as follows: 4/, 75–100%; 3/, 50–74%; 2/, 25–49%; 1/, 1–24%; —, 0%).
c The presence of 2.2 or 2.7 kb early RNA was determined by RT-PCR.
d The percentage of cells demonstrating the early HCMV-induced cytopathologies of cell rounding and relaxation are indicated as folows: 4/,
75–100%; 3/, 50–74%; 2/, 25 – 49%; 1/, 1–24%; —, 0%).
e At a dose rate of 80 ergs/sec/mm2.
f Strain AD169 at a multiplicity of 5 PFU/cell determined prior to any inactivation procedure.
g Significant change (P  0.05) relative to mock-infected cells.
eliminate the mutagenic effect of HCMV (Table 6). Al- substantially as the concentration of MNNG increased.
For example, the combination of HCMV and MNNG at athough the residual increase in mutation frequency was
small, it was still significant relative to the effect of mock concentration of 1 mg/ml resulted in a significant 89-fold
increase over the background mutation frequency, whileinfection. Thus, the mutagenic effect of HCMV infection
appears to be associated with events mediated by the exposure to either HCMV or MNNG alone resulted in a
1.7- or 31-fold increase, respectively. The slopes for thevirion components and to a quantitatively greater extent
by expression of HCMV ie genes. lines illustrating the relationship between mutation fre-
quency and MNNG concentration for mock (80.76 {
Enhancement of MNNG-induced mutation by HCMV 1.87)- or HCMV (200.04 { 13.43)-infected cells were sig-
infection nificantly different (P  0.005). The difference in the
slopes of the lines for HCMV- and mock-infected cellsHCMV infection increases the sensitivity of cells to
suggests that HCMV infection may synergistically en-induction of chromosome damage by genotoxic chemi-
hance the mutation frequency in MNNG-treated cells.cals (Deng et al., 1992b). The possibility that HCMV infec-
tion might affect the sensitivity of V79 cells to mutation
DISCUSSIONinduced by a well-recognized genotoxic chemical was
investigated with MNNG. V79 cells were infected with The data obtained in this investigation indicate that
HCMV infection can result in genetic alterations in hostHCMV (1 PFU/cell) or mock-infected and 2 hr later were
treated with MNNG (0.1 to 1.0 mg/ml). The cells were cell DNA. Infection with HCMV (AD169) at a multiplicity
of 5 PFU/cell consistently resulted in an increase of abouttransferred to the selection medium 6 days after treat-
ment with the chemical and TGr colonies were enumer- 6-fold in specific locus mutation to TGr. The increase in
mutation frequency was dependent on the intensity ofated as before. A linear (R  0.995 { 0.13; P  0.001),
concentration-dependent increase in the mutation fre- infection (Table 3) and the expression of a limited reper-
toire of virus genes (Table 6), but was not dependent onquency was observed with MNNG (Fig. 5). HCMV infec-
tion of V79 cells prior to MNNG treatment also resulted cultural adaptation of the virus (Table 4). The maximum
increase in mutation frequency (about 17-fold) was ob-in a linear (R  0.995 { 0.27; P  0.005), concentration-
dependent increase in the mutation frequency; however, tained at a multiplicity of 10 PFU/cell (Table 3) and with
virus that expressed at least HCMV IE proteins (TableHCMV infection significantly increased the mutation fre-
quency at all concentrations of MNNG evaluated and the 6). Induction of specific locus mutation has been reported
for other DNA viruses. Herpes simplex virus (HSV)-1 andamount of the increase above any additive effect rose
AID VY 8467 / 6a2f$$$$81 02-28-97 04:24:17 vira AP: Virology
57INCREASED MUTATION FOLLOWING HCMV INFECTION
cell. This curve closely resembles a sigmoid plot and is
distinctly different from the plot obtained for the concen-
tration-dependent mutagenic effect of MNNG in this
study (Fig. 5) and in other studies (e.g., O’Neill et al.,
1977). Plots of the frequency of hprt mutation relative to
the concentration of direct acting chemicals, such as
MNNG, do not demonstrate a plateau in the mutation
frequency as the chemical concentration is increased,
as was observed for HCMV (Fig. 1). The differences in
the plots for HCMV and MNNG may be explained by the
observation that HCMV infection is a receptor-dependent
process (Taylor and Cooper, 1989). It is interesting to
note that based on the plot illustrated in Fig. 1, a multiplic-
ity of about 6.6 PFU/cell would provide about 50% of the
maximum increase observed in mutation frequency. At a
ratio in the range of 102 –103 particles/PFU (Albrecht et
al., 1974), this multiplicity of infection (6.6 PFU/cell) would
provide about 660–6600 virus particles/cell. Taylor and
Cooper (1989) estimated that there were about 5,262
HCMV receptors/human foreskin fibroblast with a range
down to 20-fold less for other cell types. The multiplicity
at which the half-maximal mutation frequency would be
expected for HCMV based on the data obtained in this
study is in the range that would half-maximally saturate
the HCMV receptors. Thus, the data illustrated in Fig. 1
are consistent with the view that the maximum increase
in mutation frequency for HCMV-infected cells is limitedFIG. 4. Western blot analysis of de novo synthesized HCMV IE pro-
teins and of the HCMV virion protein pp65 in V79 cells (A, B). (A) HCMV by the receptor-facilitated entry of HCMV into cells.
immediate early proteins in V79 cells detected by monoclonal antibody PCR analysis of HCMV-induced and spontaneous hprt
MAB810 that reacts with both IE1 and IE2 proteins (Mazeron et al.,
mutant clones indicates that HCMV infection is associ-1992). (B) Detection of HCMV pp65 in V79 cells by monoclonal antibody
ated with a qualitative change in the spectrum of geneticNEA-9220. (C) HCMV immediate early proteins in LU cells detected by
alterations relative to those observed in the spontaneousmonoclonal antibody MAB810. In A, B, and C the infected cells were
harvested at the times indicated above each column. D and E demon- hprt mutants. Complex mutations were observed at a
strate the effect of UV-irradiation on the capacity of HCMV to direct
the synthesis of IE proteins in V79 cells as determined by indirect
immunofluorescence. D demonstrates that UV-irradiation for up to 10
min (at a dose rate of 80 ergs/sec/mm2) is insufficient to appreciably
affect the detection of HCMV IE proteins, while 30 min exposure at the
same dose rate (E) essentially eliminated detectable IE production.
HSV-2 induce mutations with frequencies similar to those
observed for HCMV, with 5- to 10-fold increases reported
for HSV-1 (Schlehofer and zurHausen, 1982) and 2.5- to
10.3-fold increases noted for HSV-2 (Pilon et al., 1985;
1986). These results were confirmed and extended by
Hwang and Shilitoe (1990, 1991) and Clarke and Clem-
ents (1991) using shuttle vector assays. Other DNA vi-
ruses, such as adenoviruses and papovaviruses (e.g.,
SV40, JC, and BK), have been shown to induce mutations
FIG. 5. The effect of HCMV infection on the frequency of mutation
with frequencies ranging from 2- to 6-fold (Marengo et in V79 cells exposed to MNNG. V79 cells were infected with HCMV
al., 1981) and 11- to 100-fold (Greissler and Theile, 1983; (closed squares) at a multiplicity of 1 PFU/cell or mock-infected (closed
circles). After virus adsorption, the cells were treated with MNNG atTheile and Grabowski, 1990), respectively.
the concentrations indicated in the figure. The multiplicity of HCMVThe relationship between the intensity of HCMV infec-
infection used in this experiment resulted in a 1.7-fold increase in
tion and the mutation frequency (Fig. 1) reveals that multi- the mutation frequency with a 6-day expression time (the optimum for
plicities of 30 or 50 PFU/cell do not increase the mutation MNNG). The data represent the means of three experiments and were
fitted by linear regression analysis.frequency over that observed at a multiplicity of 10 PFU/
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substantially higher frequency in TGr clones isolated we and others have observed the highest transforming
activities for cellular DNA isolated from HCMV-infectedafter HCMV infection than in those that arose spontane-
ously after mock infection. In mock-infected cells, dele- cells that expressed IE proteins (Boldogh et al., 1992) and
for fragmented HCMV DNA that resulted in expression oftions were located at exons 1 or 9 and occurred at a low
frequency (2 of 17 TGr clones), in agreement with previ- IE antigens (Huang et al., 1983; Boldogh et al., 1985b).
Several activities previously associated with HCMV in-ous reports (Yu et al., 1992; Xu et al., 1993; Schwartz et
al., 1994). In TGr clones isolated from HCMV-infected fection may be involved in the mutagenic effect of this
virus. For example, the mutagenic activity of inactivatedcultures, 9 of 19 demonstrated deletion(s), located in one
or more exons (Table 5). The present data will not distin- particles observed in this study (Table 6) may result from
the virion-associated DNA-nicking activity reported byguish between a large deletion through multiple adjacent
exons and multiple noncontiguous deletions in adjacent Landini and Ripalti (1982). It is possible that the transient
expression of HCMV IE proteins (Table 6) in the contextexons. In addition, in 3 of the 19 clones derived from
HCMV-infected cells, insertions (or duplications) of se- of other cellular responses (reviewed in Albrecht et al.,
1989) induced by the virus produces the observed in-quences were observed. Although HCMV ie and mtr se-
quences were not detected in DNA extracted from crease in mutation frequency associated with transcrip-
tionally active virus particles (Table 6). HCMV infectionHCMV-induced mutant cells (data not shown), we cannot
exclude the possibility that small dispersed viral se- results in increases in the cellular levels of a number of
secondary messengers associated with mitogenic cellquences were integrated into cellular DNA, specifically
in hprt exons with insertions. Further investigation will activation (reviewed in Albrecht et al., 1989), including
cAMP and the intracellular free [Ca2/] ([Ca2/]i). The largebe required to determine whether cellular or viral se-
quences are responsible for extension of these se- number of deletions induced by HCMV may be related to
increases in these secondary messengers. For example,quences. A relatively high rate of complex mutations (in-
sertions) was reported for HSV-1 based on recovery and DNA strand breaks have been reported after pharmaco-
logical induction of cAMP (McConkey et al., 1990). In-analysis of the sup F gene in a shuttle vector (Hwang
and Shillitoe, 1991). For HSV-1, the high rate of complex creases in the [Ca2/]i are associated with activation of
cellular endonucleases and induction of DNA lesionsmutations was attributed to nonhomologous recombina-
tion between cellular DNA sequences. At present, it is (McConkey et al., 1989). The mitogenic stimulus pro-
duced by HCMV infection, with regard to its effect onunknown why HCMV infection results in such a high
frequency of complex mutations. For those HCMV-in- cell cycle regulatory molecules, is in some respects more
robust than that observed for serum stimulation of serum-duced TGr clones (8 of 19) that demonstrated full size
hprt mRNA (Table 5), it is likely that point mutations were or density-arrested cells (Albrecht et al., 1989; Bresnahan
et al., 1996). Thus density-arrested cells are induced toresponsible for inactivation of HPRT activity. Interest-
ingly, point mutations in the cellular oncogene H-ras have traverse the cell cycle by HCMV, but not by serum (Bres-
nahan et al., 1996). These findings indicate that HCMVrecently been detected in HCMV-transformed cell lines
(Boldogh et al., 1994). infection is able to override the very considerable obsta-
cles provided by the cell to prevent inappropriate recruit-Precisely how DNA viruses cause mutations is not
known at this time, but it is recognized that expression ment into and traverse of the cell cycle. It is possible
that in doing so, HCMV with its expression of IE proteinsof some early virus genes is involved in the increased
frequency of mutation observed with the small DNA vi- that bind Rb and p53 (Hagameier et al., 1994; Sommer
et al., 1994; Spier et al., 1994; Choi et al., 1995; Tsai etruses (e.g., Theile et al., 1987). Specifically, mutation
caused by the papovavirus SV40 is associated with ex- al., 1996) also compromises the checkpoints in the cell
cycle that normally function to permit repair of DNApression of the SV40 T-antigen (Theile et al., 1987). On
the other hand, expression of the HSV genome was not damage.
A number of viruses have been observed to interactnecessary for its observed mutagenic effects (Schlehofer
and zurHausen, 1982; Clarke and Clements, 1991). Thus, synergistically with chemicals (or physical agents) to in-
duce malignant transformation of cells (e.g., Casto, 1973;HSV-1 inactivated by either neutral red or UV-light re-
tained the ability to induce mutations (Schlehofer and Hirai et al., 1974; Milo et al., 1978). It has been suggested
that this effect may be a result of stimulating virus replica-zurHausen, 1982; Hwang and Shilitoe, 1990; Clarke and
Clements, 1991). Although HCMV stock devoid of detect- tion or increasing the level of integration of viral DNA into
the cellular genome (Weinstein, 1989). HCMV infectionable synthetic activity caused a small, but reproducible
and significant, increase in the mutation frequency, virus produced a substantial and significant enhancement of
the mutation frequency observed after MNNG treatment.stock that was capable of expressing IE proteins pro-
duced a substantially higher mutation frequency (Table Since replication of HCMV in V79 cells is precluded by
the limited expression of the virus genome (e.g., Fig. 3)6). These findings suggest that the mechanisms for in-
duction of mutation by HCMV and HSV may not be the and stable integration of HCMV information has not been
detected in hamster cells (Boldogh et al., 1985a), it seemssame. It may be noteworthy that in previous studies,
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Boldogh, I., AbuBakar, S., and Albrecht, T. (1990). Activation of proto-unlikely that the increased mutation observed in MNNG-
oncogenes: An immediate early event in human cytomegalovirustreated, HCMV-infected cells is a result of the chemical
infection. Science 247, 561–564.
affecting virus replication or integration. Given the effect Boldogh, I, Beth, E., Huang, E.-S., Kyalwazi, S. K., and Giraldo, G. (1981).
of HCMV infection on molecules that regulate traverse Kaposi’s sarcoma. IV. Detection of CMV DNA, CMV RNA, and CMNA
of the cell cycle (e.g., p53, p21, pRb; Bresnahan et al., in tumor biopsies. Int. J. Cancer 28, 469–474.
Boldogh, I., Brichacek, B., Gonczol, E., Hirsch, I., and Vaczi, L. (1985a).1996) and on cell cycle progression (reviewed in Albrecht
Viral DNA sequences in human cytomegalovirus-transformed ham-et al., 1989), it is possible that HCMV infection compro-
ster cell line at low passage. Acta Microbiol. Hung. 32, 160–166.mises the cell cycle arrest that would be anticipated after
Boldogh, I., Gonczol, E., Gartner, L., and Vaczi, L. (1978a). Stimulation
chemical-induced DNA damage, limiting the repair of the of host DNA synthesis and induction of early antigens by ultraviolet
damaged DNA. Other mechanisms may also be involved. light-irradiated human cytomegalovirus. Arch. Virol. 58, 289–299.
Boldogh, I., Gonczol, E., Gartner, L., and Vaczi, L. (1978b). Transforma-HCMV IE proteins affect the transcription of cellular, as
tion of hamster embryo fibroblast cells by UV-irradiated human cyto-well as viral genes, suggesting the possibility that HCMV
megalovirus. Acta Microbiol. Acad. Sci. Hung. 25, 269–275.infection could affect the expression of cellular genes
Boldogh, I., Huang, E.-S., Baskar, J. F., Gergely, L., and Albrecht, T.involved in DNA repair. In fact, preliminary studies from (1992). Oncogenic transformation by cellular DNA isolated from hu-
our laboratory suggest that the transcription of at least man cytomegalovirus-infected cells. Intervirology 34, 62–73.
one such molecule (polymerase-b) is affected by HCMV Boldogh, I., Huang, E.-S., Baskar, J. F., and Vaczi, L. (1985b). HCMV
specific expression in HEL cells transformed by Xba I endonucleaseinfection (Boldogh et al., unpublished observations). Al-
fragmented HCMV-DNA. Acta Microbiol. Hung. 32, 167–173.though it would not be surprising to find that these cellu-
Boldogh, I., Huang, E.-S., Rady, P., Arany, I., Tyring, S., and Albrecht, T.lar effects of HCMV infection could result in synergistic
(1994). Alteration in the coding potential and expression of H-ras
enhancement of chemical-induced mutations, further in human cytomegalovirus-transformed cells. Intervirology 37, 321–
study will be needed to evaluate the relative contribution 329.
Bradley, M. O., Bhuyan, B., Francis, M. C., Langenbach, R., Peterson,of these mechanisms to the increased susceptibility of
A., and Huberman, E. (1981). Mutagenesis by chemical agents inHCMV-infected cells to mutation.
V79 Chinese hamster cells: A review and analysis of the literature.
Mutat. Res. 87, 81–142.
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